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Abstract 
The rate of oxygen consumption in the human acute monocytic leukemia-derived cell line, Mono Mac 6, in response to 
lipopolysaccharide (LPS) in vitro was measured by electron paramagnetic resonance spectroscopy using an oxygen-sensitive spin-label, 
4-oxo-2,2,6,6-tetramethylpiperidine-dl6-1-oxyl ( 5N-PDT). Lipopolysaccharide impaired oxygen consumption i a dose-dependent man- 
ner which was shown to be mediated by mitochondrial dysfunction and could be augmented by pretreatment of the cells with 
interferon-7. Treatment of the cells with anti-CD14 monoclonal antibody failed to inhibit the LPS-induced effects on cellular espiration. 
These results suggest that LPS can directly reduce normal cellular oxygen consumption possibly via a CD14-independent pathway. This 
alteration of mitochondrial function by LPS may be responsible for the observed cell damage during sepsis. 
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Lipopolysaccharide (LPS) is a major component of the 
outer membrane of gram-negative bacteria. When released 
into the circulation of higher organisms, LPS elicits a 
variety of distinct biological responses characteristic of 
gram-negative sepsis [1]. In recent studies, it has been 
shown that complexes of LPS and a serum protein (lipo- 
polysaccharide binding protein; LBP) bind to macrophages 
via the cell surface receptor CD14, to induce cellular 
responses [2,3]. CD14 is a 55-kDa phosphatidyl inositol 
anchored glycoprotein expressed on monocytes and 
macrophages [4], and is as yet the only functional receptor 
described for LPS. Binding of LPS to CD14 results in the 
production of immunological mediators, such as TNF-a, 
which when produced in large quantities lead to disorders 
in the regulation of homeostasis with haemodynamic dis- 
turbances culminating in circulatory shock and organ fail- 
ure [5,6]. 
Circulatory shock reflects an acute impairment of cellu- 
lar oxygen uptake and oxygen supply [7]. The maldistribu- 
tion of blood flow, hence; the maldistribution of oxygen 
supply, is the primary mechanism for circulatory shock. 
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This results in some areas being perfused to excess while 
others are deprived of oxygen, causing tissue hypoxia. 
Both oxygen uptake and oxygen supply are increased in 
sepsis. In septic shock, the defect lies in the altered oxygen 
utilisation in relation to the high oxygen requirements of 
an active immune system [7]. It has been suggested that 
mitochondrial function is altered early in sepsis [8] and is 
responsible for the inadequate oxygen utilisation. 
Results of studies on the effects of LPS on mitochon- 
drial function are conflicting, with some providing evi- 
dence for mitochondrial dysfunction [9,10], whereas others 
have shown that mitochondrial function remains unaltered 
[11,12]. Despite recent advances in our understanding of 
the binding of LPS to the principal target cells, 
macrophages, little is known about the subsequent fate of 
LPS. 
Electron paramagnetic resonance (EPR) spectroscopy, 
combined with oxygen-sensitive stable paramagnetic ni- 
troxides as probes, is a powerful and versatile technique 
for the measurement of oxygen concentration both inside 
and outside cells [13]. Bimolecular collisions of oxygen 
with free radicals (spin probes) results in altered resonance 
characteristics of the radical and hence gives rise to oxy- 
gen-dependent EPR spectral line features. Such spin label 
oximetry can be used to monitor oxygen concentrations in 
6 R.E. Glover et al./Biochimica et Biophysica Acta 1310 (1996) 5-9 
a wide variety of chemical and biological systems. EPR 
oximetry provides a quick and sensitive method for detect- 
ing dissolved oxygen concentrations ([02]) as low as 10 -7 
M [14]. Oxygen-sensitive spin labels in EPR have been 
used to measure [02] in vitro and in vivo [13,15]. 
In this investigation, the direct effects of LPS on the 
respiration of the human acute monocytic leukemia-de- 
rived cell line [16], Mono Mac 6, have been measured 
using an oxygen-sensitive p rdeuterated nitroxide spin la- 
bel, 4-oxo-2,2,6,6-tetramethylpiperidine-dl6-1-oxyl ( 5 N- 
PDT) [13,14]. Furthermore we have also employed the use 
of a monoclonal antibody to human CD14, MY4, in order 
to assess, for the first time, the role of CDI4 in the 
LPS-induced changes in oxygen consumption. 
Mono Mac 6 cells were obtained from the German 
Collection of Microorganisms and Cell Cultures 
(Braunshweig, Germany) and were maintained in the fol- 
lowing growth medium. The growth medium was RPMI- 
1640 supplemented with L-glutamine (2 mM), strepto- 
mycin (100 /xg/ml), penicillin (100 IU/ml) (Gibco BRL, 
Paisley, UK), sodium pyruvate (1 mM) (Imperial, An- 
dover, UK), non-essential mino acids and 10% fetal calf 
serum (endotoxin content < 100 pg/ml) (Labtecb Interna- 
tional, Uckfield, UK). 
LPS from Escherichia coli O111.B4 (Sigma, Poole, 
Dorset, UK) was made up in PBS at a stock concentration 
of 10 mg/ml and stored at - 20°C prior to use. Mono Mac 
6 cells were resuspended into fresh growth medium at a 
concentration of 5 × 105 cells/ml and 10 /zl of LPS in 
PBS was added to give final concentrations of 0-10000 
ng/ml. The cells were then incubated at 37°C for a given 
period (0-18 h) prior to spin label oximetry. Cell viability, 
as determined by Trypan blue exclusion, was always greater 
than 90%. 
In a typical oximetry experiment the Mono Mac 6 cells 
were resuspended at 5 X 106 cells/ml in RPMI solution 
containing 10% dextran (Sigma, Poole, Dorset, UK) to 
avoid settling of cells in the cavity of the EPR spectrome- 
ter. To 100/xl of the cell suspension 5 /xl of 15N-PDT (0.5 
raM) (MSD Isotopes, St. Louis, MO, USA) was added. 
This neutral nitroxide predominantly remains in the extra- 
cellular space [17] and its EPR spectral ine shape and 
width are sensitive to oxygen concentrations. The cell 
suspension was then transferred to a capillary tube by 
capillary action before sealing both ends carefully avoiding 
to trap air bubbles. Oxygen consumption rates were ob- 
tained by plotting the decrease in line width of the lower 
field peak of the EPR spectrum of ~sN-PDT with time and 
finding the resultant gradient. The calibration of the spin 
probe between 100% nitrogen and air saturated water 
(dissolved [02] 2.1 × 10 -4 M [14]) was found to be linear 
[17] which enabled the EPR spectral linewidth to be 
equated to [02]. 
EPR measurements were made on a Varian El04 spec- 
trometer, operating at 9.5 GHz, fitted with a gas-flow 
variable temperature accessory. The temperature was main- 
tained at 37°C, and sequential spectra of the low field peak 
were acquired every 2 min using computerised data acqui- 
sition. The spectrometer was set at 1 G scan range, 0.08 G 
modulation and 1 mW power. 
To determine the effect of IFN-y on LPS induced 
alterations in Mono Mac 6 cellular respiration, cells were 
treated with IFN-y and LPS in the following manner. In 
preliminary experiments, it was found that overnight incu- 
bation with IFN-y (Genzyme Diagnostic, West Mailing, 
Kent, UK) at 50 U/ml  (cell concentration 5 × 105 
cells/ml) was optimal for LPS binding to Mono Mac 6 
cells (unpublished ata). For spin label oximetry, cells 
were primed with IFN-y (50 U/ml) overnight before 
resuspending into fresh medium at 5 × 105 cells/ml prior 
to adding LPS. 
To determine the role of CD14 on the LPS induced 
alterations of Mono Mac 6 cellular respiration, the mono- 
clonal antibody (mAb) to human CD14, MY4 (Coulter 
Immunology, Luton, UK), was used. MY4 was shown 
initially to inhibit all specific binding of radiolabelled LPS 
to Mono Mac 6 cells (10 × 10 6 cells/ml) at 50 /xg/ml of 
MY4 (unpublished ata). In typical experiments in which 
CD14 was blocked, Mono Mac 6 cells in growth medium 
were preincubated with MY4 for 30 min at 37°C. The cells 
were then washed in medium and resuspended at 5 × 105 
cells/ml in fresh medium prior to adding LPS. 
To distinguish between the effects of LPS and TNF-a 
on Mono Mac 6 cellular respiration, cells were pre-in- 
cubated with recombinant human TNF-a (rhTNF-a). 
rhTNF-a was produced in our laboratory from E. coli 
transfected with the gene encoding human TNF-a and 
purified by HPLC. Cells (5 × 105 cells/ml) were incu- 
bated in medium containing human rhTNF-a (5 ng/ml) 
for 2-18 h prior to cellular oxygen consumption measure- 
ments as already described. The LPS content of the puri- 
fied rhTNF-a was less than 50 pg/ml as determined by 
limulus amebocyte lysate assay. 
The rate of oxygen consumption is expressed as mean 
_+ standard error of four separate xperiments unless other- 
wise stated. Statistical comparison was made between the 
measured rates with the Student's t-test. 
Fig. 1 shows typical EPR spectra obtained by incubat- 
ing Mono Mac 6 cells with the spin probe 15N-PDT. Only 
the lower-field line of the spectrum is monitored and the 
change in line width (a-b) with time reflects the consump- 
tion of oxygen. 
The effect of LPS on oxygen consumption by Mono 
Mac 6 cells was studied by measuring the change in 
linewidth of the EPR spectra of the oxygen-sensitive 15N- 
PDT with time, after incubating the cells for a given period 
with increasing concentrations of LPS. LPS inhibited oxy- 
gen consumption in a dose-dependent manner (Fig. 2). 
However, the observed ecrease in oxygen consumption 
was significant (P = 0.015) only after LPS at a concentra- 
tion of 1 /xg/ml was added for two hours. This decrease 
was more pronounced when LPS was preincubated with 
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Fig. 1. EPR spectra showing the change in peak to peak (a-b) linewidth 
of the lower field EPR line of 15N-PDT with time in a typical spin label 
oximetry experiment. 
the cells for longer times (18 h; Table 1), when LPS at 
concentrations of 0.1 /zg/ml resulted in a significant 
reduction (P  = 0.024) in oxygen consumption. This de- 
crease in oxygen consumption was not attributed to in- 
creased cell death due to LPS, as cell viability prior to spin 
labelling was always greater than 90%. Cells incubated 
with up to 10 /xg/ml LPS for 18 h, washed and resus- 
pended into fresh culture medium for a further period of 
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Fig. 2. The effect of LPS concentration  cellular oxygen consumption 
by Mono Mac 6 cells. Change in oxygen consumption for Mono Mac 6 
cells incubated for 2 h with LPS at • 0 /xg/ml, • 0.01 /,tg/ml, • 0.1 
/zg/ml, • 1 p,g/ml, and • 10 /xg/ml prior to spin label oximetry. 
Oxygen concentrations are calculated from the EPR linewidth (see text). 
Values shown are means _+ standard error of the mean of four separate 
experiments. 
Table 1 
LPS dose dependence of the cellular oxygen consumption rate for Mono 
Mac 6 cells 
LPS dose 2 h 18 h IFN-7 # (+LPS) 
(ng/ml) 
0 1.59 + 0.05 1.63 + 0.07 1.64 3- 0.03 
10 1.48+0.03 1.543-0.03 1.38 3-0.09 
100 1.363-0.07 1.283-0.09 * 1.21 +0.11 * 
1000 1.25+0.02 1.17_+0.05 + 1.14_+0.04 + 
10000 1.16_+0.05 * 1.06_+0.06 + 1.05_+0.12 + 
Cells were incubated with various concentrations of LPS for 2-18 h prior 
to spin label oximetry measurements. # Cells incubated with IFN- 7 
overnight followed by incubation with LPS for 2 h. In the absence of LPS 
treatment cells consumed all dissolved oxygen in the media in the 
capillary in 20 min. All rates were obtained over the linear range 0-20 
min only. Rates are expressed in terms of nmol 0 2 
consumed/min/106cells. The cellular oxygen consumption rates are 
expressed as the mean + standard error of the mean of four separate 
experiments. The symbols * and + represents significant difference vs 
controls (P < 0.05) and (P < 0.02) respectively. 
18 h still yielded viability of at least 90%. This would 
suggest hat the cells treated with LPS were not in a 
process of dying after 18 h. 
We have previously shown that preincubation overnight 
with IFN-y at 50 U/ml prior to addition of LPS resulted 
in an 18% increase in LPS binding after two hours, as 
measured using radiolabelled LPS (unpublished ata). 
When cells were preincubated with 50 U/ml  IFN-y prior 
to the addition of LPS, a significant decrease in the rate of 
oxygen consumption after two hours of incubation with 0.1 
/xg/ml LPS was observed. IFN-y resulted in increased 
LPS sensitivity when compared with cells incubated in the 
absence of IFN-y. However, incubations with IFN-y alone 
had no effect on cellular oxygen consumption (Table l). 
It has been shown previously that the cytotoxic activity 
of LPS may be due to impairment of mitochondrial func- 
tions by TNF-c~ [18]. To check for the possibility that it 
was TNF-a, produced by the cells in response to LPS, 
which was mediating the changes in oxygen consumption 
rate, we incubated the cells with rhTNF-a. At concentra- 
tions of 5 ng/ml rhTNF-a, which are greater than the 
highest produced by Mono Mac 6 cells in response to LPS 
in our laboratory, treatment with rhTNF-a did not affect 
the observed rate of cellular oxygen consumption when 
compared to cells not treated with rhTNF-a (results not 
shown). 
Addition of 0.1% sodium azide (w/v)  inhibited oxygen 
consumption of Mono Mac 6 cells by 78 + 4% (Fig. 3). 
Azide inhibits mitochondrial respiration by binding tightly 
to the cytochrome oxidase complex, thereby blocking the 
transport of electrons required for the reduction of oxygen. 
The non-mitochondrial-dependent oxygen consumption, as 
determined in the presence of sodium azide, was found to 
be independent of LPS concentration, even after up to 18 h 
incubation with 10 /zg/ml LPS (results not shown). 
CD 14 is currently the only functional receptor described 
for LPS and its role in LPS-induced alteration in cellular 
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Fig. 3. The effect of 0.1% sodium azide (w/v) on cellular oxygen 
consumption byMono Mac 6 cells. Change in peak to peak linewidth of 
the 15N-PDT lower field EPR line with time, with • and without Q, 
0.1% sodium azide in the spin label mixture. The difference between the 
two graphs represents oxygen consumption associated with the mito- 
chondria. Values hown are the mean __+ standard error of the mean of four 
separate experiments. 
oxygen consumption is unknown. Preincubation of the 
cells with the human antiCD14 monoclonal antibody, MY4, 
at a concentration of 50 /~g/ml for 30 min at 37°C, did 
not prevent he LPS-induced ecrease in oxygen consump- 
tion (results not shown). MY4 monoclonal antibody alone 
did not alter the rate of oxygen consumption. Our results 
suggest that CD14 is not involved in LPS-induced impair- 
ment of mitochondrial oxygen consumption. 
The results obtained in this investigation have shown 
that lipopolysaccharide, at physiologically relevant doses, 
can suppress cellular oxygen consumption in the Mono 
Mac 6 cell line. Furthermore, this effect of LPS is aug- 
mented by pre-treating the cells with the priming agent 
IFN-y and is independent of LPS binding to CD14. The 
experiments have also shown the applicability of EPR 
spectroscopy with suitable oxygen-sensitive spin probes to 
the determination of cellular oxygen consumption. The 
LPS-induced decrease in the rate of oxygen consumption 
is attributed to the decrease in mitochondrial activity, as 
non-mitochondrial oxygen consumption, evaluated when 
mitochondrial respiration was blocked with azide, was 
found to be independent of LPS, even at high concentra- 
tions (10 /xg/ml). This finding is in agreement with 
previous studies which have shown that LPS can inhibit 
mitochondrial oxygen utilization in various cell types [19]. 
In animal models of endotoxin-induced sepsis, a close 
correlation between energy state and the severity of shock 
was reported [11]. This loss of energy state was attributed 
to deterioration of mitochondrial function and was ob- 
served in liver as early as 2 h post-LPS challenge while in 
other tissues (brain, kidney, heart) the effect was only 
noticeable after 18 h [10,11]. In our experiments with 
Mono Mac 6 cells, effects of LPS on mitochondrial 
tion were observed after 2 h at high LPS concentrations 
(1000 ng/ml) and at 18 h post-administration with lower 
LPS concentrations (100 ng/ml). 
It has been shown that LPS directly inhibited oxygen 
consumption i  mouse liver mitochondria [9]. It was pro- 
posed that the effect of LPS on the respiratory activity of 
mitochondria may reflect damage to the integrity of the 
mitochondria rather than an effect on a particular site in 
electron transport or oxidative phosphorylation [9]. LPS 
has been shown to decrease membrane fluidity [20] in a 
number of different cell types and mitochondrial function 
may be lost as the result of LPS-induced alterations in 
mitochondrial membrane fluidity. LPS bound to the mito- 
chondria may also affect the function of many membrane- 
bound enzymes as a result of altered membrane fluidity, in 
a similar manner to the Ca2+-ATPase activity of the 
sarcoplasmic reticulum which increases or decreases fol- 
lowing corresponding changes in membrane fluidity [21]. 
We have shown, with the use of the monoclonal anti- 
body, MY4, that CD14 is not involved in this LPS-induced 
decrease in the utilization of oxygen. We have shown 
previously that MY4 blocked all LPS binding to CD14 
over a 24-h period in Mono Mac 6 cells. This would 
suggest that the non-specific uptake, or receptors other 
than CD14 are directly responsible for the resultant de- 
crease in respiration rate. 
Our findings imply that LPS could be translocated 
internally from the plasma membrane independently of 
CD14, as suggested recently by Luchi and co-workers [22]. 
The role of CD14 in the intracellular movement of LPS 
has been studied in human neutrophils [22]; it was found 
that CD14 was not required for LPS internalization by 
these cells. However, it is impossible to exclude the possi- 
bility that CD14 could participate in the internalization of 
LPS, or that LPS binds to other epitopes or conformations 
of CD14 which results in mitochondrial dysfunction. 
Schulze-Osthoff and co-workers [ 18] have provided evi- 
dence for TNF-c~-induced impairment of mitochondrial 
functions in murine fibrosarcoma cells. It was also ob- 
served that treatment with TNF-c~ lead to early degenera- 
tion of mitochondrial ultrastructure without pronounced 
damage to other organelles. It was suggested that the 
TNF-c~ cytotoxicity was the result of mitochondrial pro- 
duction of oxygen radicals. However, in our study, high 
concentrations of TNF-c~ did not elicit the changes in 
mitochondrial respiration seen with LPS and this would 
suggest that it is a direct effect of LPS and is not mediated 
by TNF-cL It is possible that Mono Mac 6 cells respond 
poorly to TNF-~ in this respect. 
IFN-y was found to enhance the LPS-induced ecrease 
in oxygen utilisation in the Mono Mac 6 cells. Although 
IFN-T is known to potentiate the effects of LPS, such as 
increased cytokine production in response to LPS, the 
precise mechanisms involved in IFN-y-induced LPS sensi- 
tisation remains unknown. It has been shown that IFN-y 
induces alterations in the phospholipid composition of 
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macrophages and that thi,; may result in increased LPS 
binding [23]. It is possible, that IFN-y-induced sensitivity 
to LPS-mediated mitochondrial dysfunction in Mono Mac 
6 cells is the result of altered phospholipid compositions in
the mitochondrial membrane resulting in increased LPS 
susceptibility and/or  binding at this site. 
The effects of LPS on isolated mitochondria is incon- 
clusive; some workers reporting no change in mitochon- 
drial activity [1 1,12] and others finding an impairment of 
mitochondrial ctivity [9,10,18]. Our results show that the 
direct effect of LPS on Mono Mac 6 is the impairment of 
cellular oxygen consumption. We believe that the reduc- 
tion in respiration rate is the result of LPS-induced impair- 
ment of mitochondrial ctivity and is independent of CD 14. 
Decreased cellular oxygen consumption as a direct ef- 
fect of LPS, may be in palX responsible for cell and tissue 
damage observed during :sepsis. The subsequent fate of 
LPS after binding to phagocytes and its significance in the 
sepsis syndrome remain to be fully elucidated. Our results 
suggest hat treatments for sepsis aimed at inhibiting LPS 
binding to CD14 may not prevent LPS-induced mitochon- 
drial damage. Further work with other cells (human pe- 
ripheral blood monocytes) is in progress to elucidate the 
site of action of LPS on the mitochondria which results in 
the loss of function of this organelle. 
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